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(57) Mesophase pitch-based activated carbon fb- 
ers which are obtained by milling infusibilized mes- 
ophase pitch f foers, as they are or after carbonizing at a 
temperature of 350 to 1,000 °C, to an average particle 
diameter of 5 to 50 urn and then activating in the pres- 
ence of an alkali metal compound. The activated carbon 
fibers have a pore distribution suitable for forming a 
electric double layer and is excellent as the material for 
an electrode of an electric double layer capacitor. The 
electric double layer capacitor having the electrode 
using the activated carbon fiber exhibits high discharge 
capacity. 
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Description 

[0001 J The present invention relates to novel activated carbon fibers which have a pore distribution suitable for form- 
ing electric doubl layers, and electric double layer capacitors using the electrodes comprising the novel activated car- 

s bon fibers, which have high discharge capacity. 

[0002] New electronic equipments such as portable telephones and notebook type p rsonal computers have been 
recently developed one after another. With strong demands for miniaturization, weight-lightening and handy carrying of 
these merchandise, microcomputers, IC memories and other parts incorporated in the electric equipments have been 
required to be miniaturized and to have high performance. 

10 [0003] The elements for constituting high-performance miniaturized microcomputers, such as CPU, or the IC memo- 
ries, however, undergo stall and memory erasure by the mere instantaneous discontinuance or decrease of power sup- 
ply, whereby the electronic equipments occasionally mi sfu notion. In fact, it is known that the electronic equipments 
misfunction by the mere voltage drop of 10 to 20 % for 0.003 to 0.02 sec, unless proper measures are taken. 
[0004] In order to prevent the discontinuance or decrease of power supply, Ni-Cd batteries or aluminum electrolytic 

15 capacitors are currently used for back-up power sources of the microcomputers and the IC memories. However, these 
power sources are not sufficient from the viewpoints of working temperature range, number of charge and discharge 
cycles, capacity, quick charge and cfischarge properties and cost. 

[0005] In the circumstances, electric double layer capacitors have been recently paid much attention as the back-up 
power sources. 

20 [0006] When two kinds of materials different in physical properties are contacted with each other, positive and nega- 
tive electric charges are generally arrayed at short invervals with interposing the interface therebetweeen. The electric 
charge distribution formed on the interface is called an electric double layer. The electric double layer capacitor is a kind 
of a condenser to form an electric double layer of large capacity on the interface between an electrode having a large 
surface and an electrolytic solution and to release the electric charges of the electric double layer. 

25 [0007] Studies of the electric double layers have history which can trace away back to the past, on the time of the 
study of HelmhoHz in 1879. However, a long period of time was necessary for the practical use of the electric double 
layer capacitors, and a capacitor having large capacity of farad unit using this principle was obtained only in the early 
1980's. In the present-day electric double layer capacitors, an organic solvent type electrolytic solution or an aqueous 
solution type electrolytic solution is used as the electrolytic solution, and granular, massive or fibrous activated carbon 

30 having large specific surface area is used as the electrode material, whereby large capacity is realized. 

[0008] The electric double layer capacitors are not associated with such a chemical reaction as occurs in the conven- 
tional secondary batteries during the charge and discharge operations, so that their internal resistance is exceptionally 
low as compared with that of the secondary batteries, and besides large current cfischarge and quick charge and dis- 
charge are feasble. Moreover, the capacitors are free from deterioration caused by charge and cfischarge cycles and 

35 limitation on the number of charge and discharge cycles. 

[0009] Because of these advantages, there have been proposed in recent years uses of the electric double layer 
capacitors not only in the fields concerned to small electric power such as a field of the aforesaid portable electronic 
equipments but also in the fields concerned to large capacity such as a field of auxiliary power sources of automobile 
batteries. For example, electric automobiles and gasoline-fueled automobiles which are mounted with an electric dou- 

40 W layer capacitor to charge a part of regenerative kinetic energy generated in the deceleration and to cfischarge the 
energy in the acceleration so as to supplement engine output energy, are manufactured by way of trial. 
[001 0] The most serious problem of the electric double layer capacitors is that the discharge capacity is smaller than 
that of the secondary batteries. To cope with this problem, various researches on the electrolytic solutions and the elec- 
trode materials have been made now. 

45 [001 1 ] For example, the activated carbons used as the electrode materials of the electric double layer capacitors are 
manufactured by the use of so called hard carbon (non-graphitizable carbon) materials, such as those made from coco- 
nut shell, coal and phenol resin, as starting materials. The non-graphitizable carbon materials are generally activated 
with water vapor or water vapor-containing exhaust gas generated by combustion of propane, kerosene, etc. to give 
activated carbons. In this activation treatment, pores are formed by a carbon elimination caused by the reaction of water 

so vapor and/or carbon dioxide with carbons, and the pores define a density of fiber and a specific surface area of the acti- 
vated carbons. 

[001 2] In general, the discharge capacity per unit weight of the electrode used for the electric double layer is propor- 
tional to the specific surface area of the activated carbon, and in the convention activation treatment extremely severe 
conditions must be adopted to obtain activated carbon having a large specific area 
55 [0013] For example, to manufacture an electric double layer capacitor having large discharge capacity, an electrode 
formed from activated carbon having a specific surface area of not less than 2,000 rrfrg (measured value by BET 
method) is desired to be used, and the activated carbon having such a large specific surface area as above should be 
prepared by activating a carbon material, e.g., hard carbon, under such severe activation conditions that the activation 
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yield is reduced to about 10 to 20 % by weight or lower. 

[0014] More specifically, phenol resin-based activated carbon fibers obtained by activating phenol resin based carbon 
fibers in a combustion gas such as propane have a large specific surfac area such as 2,500 rr^/g and ar commer- 
cially used for electric double layer capacitors, but the activation yield in this activation treatment is as extremely low as 
5 about 15% by weight. 

[001 5] The phenol resin-based activated carbon fbers exhibit excellent properties in water treatment or adsorption of 
harmful gas, but when they are used as electrode materials of electric double layer capacitors, they cannot raise elec- 
trode density because of low density of fiber, and hence the charge and discharge capacity per unit volume is not 
increased so much. 

10 [001 6] The phenol resin-based activated carbon fbers have another problem in that even if the specific surface area 
measured by BET method is enlarged, the discharge capacity per unit weight is not increased in proportion to the 
increase of specific surface area, ft is presumably incficated by the phenomenon that not all of the surfaces of the acti- 
vated carbon fibers obtained by the conventional activation method are utilized for the formation of the electric double 
layer. That is, it is presumed that, in order to form the electric double layer, activated carbon should have pores of opti- 

15 mum diameters for the electrolytic solution used, but the pores of the activated carbon formed by the conventional acti- 
vation treatment are not optimum for the electric double layer capacitor. 

[001 7] As described above, the density of the conventional activated carbon is inevitably lowered by adoption of the 
severe activation conditions. Besides, pores having diameters suitable for the electrolyte solution cannot be sufficiently 
formed and, therefore, the surface area effective for the formation of an electric double layer is small. For these reasons, 
20 any activated carbon capable of realizing electrodes of electric double layer capacitors having sufficiently large dis- 
charge capacity per electrode unit volume and per electrode unit weight has not been developed in the existing circum- 
stances. 

[0018] For example, according to the measurement by the inventors, an electric double layer capacitor, which uses 
an electrode comprising phenol resin-based activated carbon fbers obtained by the conventional activation method and 
25 uses an organic solvent type electrolytic solution, has a discharge capacity of about 20 F/g which is markedly lower than 
that of the later-described examples of the invention. 

[001 9] In the conventional activation treatment wherein the non-graphitizable carbon material is activated with water 
vapor or exhaust gas, further, the material needs to be activated under severe contitions in order to obtain activated 
carbon having large specific area capable of improving the electrical capacity per unit weight, and such activation treat- 

30 merit causes increase of cost of the activated carbon. 

[0020] ft is an object of the present invention to provide novel activated carbon fibers having good conductivity, high 
balk density and large specific area, and having a pore distribution suitable for forming an electric double layer. 
[0021 ] ft is another object of the invention to provide an electric double layer capacitor which comprises an electrode 
comprising the novel activated carbon fibers. 

35 [0022] These objects could be achieved on the basis of the finding that activated carbon fibers having excellent con- 
ductivity, high density, large surface area and, when applied for an electrode of an electric double layer, capable of real- 
izing high discharge capacity can be obtained by activating a soft carbon (easily graphitizable carbon) type material, 
particularly an infusibilized mesophase pitch-based carbon fibers, after a specific treatment 
[0023] Furthermore, it has been found from the observation and comparison of many kinds of mesophase pitch-based 

40 activated carbon fbers and non-mesophase pitch-based activated carbon fibers obtained by the exhaust gas activation 
having various BET specific surface areas that the high discharge capacity is dependent not only on the specific surface 
area, but also on the distribution state (by volume) of pores having specific radii in the activated carbon fibers. 
[0024] As other activation treatment methods than the above-mentioned ones using water vapor or exhaust gas, heat 
treatment methods using alkali metal compounds are disclosed in US-A-3,81 7,874 and 4,082,694. 

45 [0025] However, any trial for using mesophase pitch-based active carbon fibers as materials for electrodes of electric 
double layer capacitors had not been made at all. 

[0026] JP-A-1 (1989) -139865 discloses a process comprising activating carbon fibers in the presence of an alkali 
metal compound and 

[0027] JP-A-5(1993)-247731 discloses a process for producing carbon fibers having high specific surface area, in 
so which the above technique is applied to a carbon fbers of mesophase of not less than 50 %. 

[0028] However, these documents never cfisclose or suggest the use of the activated carbon fbers for the double layer 
capacitor, a process for preparing, from graphitizable carbon material, activated carbon fibers having a pore distribution 
suitable for forming an electric double layer, and the pore distribution. 

[0029] The mesophase pitch-based activated carbon fibers according to the present invention are obtained by milling 
55 infusibilized mesophase pitch fibers as they are, or after carbonizing at a temperature of 350 to 1 ,000 °C, to an average 
particle diameter of 5 to 50 ^im and activating them in the presenc of an alkali metal compound. 
[0030] The mesophase pitch-based activated carbon fibers of the invention desirably have 0.01 to 0.25 of a ratio 
Bv/Av in which Av is a total pore volum of pores (A) having a radius of 0.4 to 1 .5 nm, said pore volum Av being meas- 
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ured by a MP method using nitrogen adsorption, and Bv is a total pore volume of pores (B) having a radius of 3.5 to 6 
nm, said pore volume Bv being measured by a mercury porosi meter, and further desirably have a specific surface area 
m asured by BET method of not less than 300 rrl/g. The mesophase pitch-based activated carbon f bers are especially 
suitable for an electrode of the electric double layer capacitor. 
5 [0031 ] The mesophase pitch-based activated carbon fibers of the present invention are desirably made from mes- 
ophase pitch in which an optically anisotropic component is 100%. 

[0032] The electric double layer capacitor according to the present invention is made by using the mesophase pitch- 
based activated carbon fibers and may comprise an electrode comprising the mesophase pitch-based activated carbon 
fibers and a binder. 

10 

Fig. 1 is a 500-magnif ication SEM (scanning electron microscopy) photograph of milled mesophase pitch-based 
activated carbon f bers prepared in Example 1 . 

Fig. 2A is a schematic perspective view showing a basic structure of an electric double layer capacitor prepared in 
, Example 1 ; Fig. 2B is a plan view of the capacitor; and Fig. 2C is a sectional view taken in line C-C of Fig. 2B. 

15 

[0033] The mesophase pitch-based activated carbon fibers according to the invention and the electric double layer 
capacitor made by using the novel activated carbon fibers are described in detail hereinafter. 
[0034] The mesophase pitch-based activated carbon fibers according to the invention are obtained by activating infu- 
sbilized mesophase pitch fibers as they are or after subjecting them to a specific treatmerrt(s). 
20 [0035] The mesophase pitch fibers are materials belonging to soft carbons (easily graphitizable carbons). In the fibers 
of this type, pores effective for an electric double layer capacitor are not sufficiently formed by the aforesaid conven- 
ti nal activation method. 

[0036] In the conventional activation method, hard carbon (on-graphrtizable carbon) materials such as coconut shell, 
coal, phenol resin are used as starting materials, and pores are formed by carbon elimination caused by the reaction of 

25 water vapor and/or carbon dioxide with carbon in the activation treatment. As for the hard carbons, it is presumed that 
many elements such as oxygen and hydrogen are eliminated in the course of heat treatment, and therefore active sites 
attacked by water vapor or carbon dioxide are innumerably present, whereby the pores are formed. 
[0037] On the other hand, the soft carbons for use in the invention have higher crystailizability and have few active 
attack sites, so that if the conventional activation treatment is performed, reaction to produce water gas takes place on 

30 only the surface of the material and pores are insufficiently formed as compared with the hard carbons. Therefore, acti- 
vated carbon having large specific surface area is hardly obtained for the decrease of the activation yield. For example, 
in the activated carbon fibers made by subjecting the mesophase pitch fibers to the conventional activation treatment, 
th obtained specific surface area is as low as about less than 300 rr^/g, which is insufficient as that of the material for 
the electric double layer capacitor. 

35 [0038] The mesophase pitch-based activated carbon fibers according to the invention are obtained by using irrfustoi- 
lized mesophase pitch f bers which are activated as they are or after subjecting to a specific treatments and, therefore, 
have a large BET specific surface area (not less than 300 rrr^/g). 

[0039] The infusbilized mesophase pitch fibers for use in the process of the invention are prepared by spinning pitch 
as a starting material to obtain pitch fbers and then infusibilizing the pitch f bers. 

40 [0040] There is no specific limitation on the material of the pitch fibers as far as it is spinnable mesophase pitch and 
any of petroleum-derived pitch, coal-derived mesophase pitch and mixed pitch containing isotropic pitch is available. 
However, since the mixed pitch has an uneven pitch structure, the activation reaction of the pitch becomes uneven to 
thereby make the control of the pore structure cfifficutt, and the spinnability and infusibilizing properties of the pitch 
become worse. Therefore, it is especially preferred to use a mesophase pitch of 100 % anisotropic component, which 

45 contains no optically isotropic component detected by observation with a polarized microscope. 

[0041 ] The mesophase pitch as the material of the pitch fibers having a suitable softening point, e.g., 230 to 350 °C, 
preferably 250 to 31 0 °C, is advantageously used from the viewpoints of manufacturing cost and manufacturing stability. 
[0042] There is no specific limitation on the method of spinning the pitch material, and the pitch material can be spun 
by various spinning methods such as a melt spinning method, a melt blow method, a centrifugal spinning method and 

so a vortex spinning method. Of these, the meft blow method is preferable. 

[0043] According to the meft blow method, the pitch material is spun while being blow and cut at a high speed because 
of its low viscosity of not more than several tens poise, while being cooled at a high speed. Therefore, the meft blow 
method is high in productivity of the pitch fibers, advantageous in the manufacturing cost such as expenses for building 
and operating a spinning machine, and is particularly suitable for preparing carbon f ber aggregates such as carbon 

55 fiber mat and carbon f ber felt. 

[0044] In the meft blow method, the spinning hole is desired to have a diameter of usually 0.1 1 0.5 mm, preferably 
0.15 to 0.3 mm. 

[0045] The spinning rate is desired to be not less than 500 m/min, preferably not less than 1 ,500 m/min, more prefer- 
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ably not less than 2,000 m/min. 

[0046] The spinning temperature somewhat varies depending on the type of the pitch material, but desirably is in the 
range of 300 to 400 °C, preferably 300 to 380 °C. 

[0047] The mesophase pitch is a th neoplastic organic compound. Therefore, in order to make the mesophase pitch 
s fibers retain their shapes in the heat treatment (carbonization treatment or activation treatment), the mesophase pitch 
fibers obtained above are subjected to infusibilization. 

[0048] The infusibilization treatment can be continuously carried out in a liquid phase or in a gas phase in accordance 
with a conventional method, but it is generally carried out in an oxidizing atmosphere such as air, oxygen or N0 2 . 
[0049] For example, the infusibilization treatment in air is desirably carried out under the conditions of an average 
10 heating rate of 1 to 15 °C/min, preferably 3 to 12 °C/min, and a temperature of 100 to 350 °C, preferably about 150 to 
300 °C. 

[0050] If the pitch fibers are directly subjected to slight carbonization treatment or activation treatment without per- 
forming infusibilization treatment, the pitch fibers are fused again in the next heating process to disarrange the orienta- 
tion of the graphite layer surface, and in an extreme case, the shapes of the fibers are destroyed. As a result, activated 
is carbon fbers having desired large specific surface area cannot be obtained. 

[0051 ] For preparing the mesophase pitch-based activated carbon fibers of the invention, the infusibilized pitch fibers 
obtained above can be used as they are in the activation treatment, but it is desirable to perform carbonization treat- 
ment, preferably slight carbonization treatment at a relatively low temperature (up to 1 ,000 °C), prior to the activation 
treatment. 

20 [0052] By the carbonization treatment low volatile components contained in the infusibilized fbers can be removed, 
and hence the activation yield in the activation process can be improved. Besides, the amounts of tar-like substances 
which volatilize in the activation reaction can be reduced, and whereby stain of the reaction system can be effectively 
prevented. 

[0053] The carbonization treatment can be carried out in an inert gas such as nitrogen at a temperature of 350 to 

25 1 ,000 °C. preferably 350 to 800 °C, more preferably 400 to 700 °C. 

[0054] If the temperature of the slight carbonization treatment exceeds 1 ,000 °C, the activation rate becomes low and 
the activation reaction occasionally needs a long period of time. The lower limit of the heating temperature in the car- 
bonization treatment is not specifically limited as far as the carbonization is smoothly performed, but if the temperature 
is lower than 350 °C, removal of the volatile components might be insufficient. 

30 [0055] In the process for preparing mesophase pitch-based activated carbon fbers according to the invention, the 
infusibilized pitch fbers or the carbon fibers retain the form obtained in the spinning stage, e.g., mat form or feft form, 
and they can be used as they are. However, the infusibilized pitch fibers or the carbon fbers obtained in the form of, for 
example, mat or feft are milled prior to the activation treatment from the viewpoint of uniform mixing with an alkali metal 
compound used as an activation assisting agent in the activation treatment, improvement in balk density of fbers, and 

35 formation of the suitable pore distrfoution. 

[0056] For milling the fibers, a HenscheJ mixer, a ball mill and a grinder are employable, but if these devices are used, 
a pressure is applied in the diameter direction of the fbers, whereby longitudinal cracks often take place in the fber axis 
direction. In addition, a long period of time is necessary for the milling. Therefore, these devices are not appropriate mill- 
ing devices. 

40 [0057] Examples of the milling devices preferably used include a victory mill, a jet mill, a cross flow mill and high- 
speed rotary mill. In these devices, a rotor equipped with one or more blades is rotated at a high speed to cut the fbers 
into pieces, and hence occurrence of the longitudinal cracks can be effectively inhbited. The fber length can be con- 
trolled by adjusting a rotating number of the rotor, an angle of the blade, etc. 

[0058] In the present invention, the infusibilized, milled fibers or the carbonized, milled fbers obtained as above have 
45 a mean particle cfiameter, as measured by a laser diffraction method, of 5 to 50 jim, particularly preferably 1 0 to 30 jim. 
[0059] If the mean particle diameter exceeds 50 jim, the density of fber may not be sufficiently improved. If the mean 
particle diameter is less than 5 nm, uniform activation can be hardly obtained. 

[0060] In the activation treatment in the process for producing the activated carbon fibers of the invention, the milled 
infusibilized pitch fbers or the milled carbon fbers are mixed with an alkali metal compound and subjected to heat treat- 
so merit. 

[0061] Examples of the alkali metal compounds preferably used for the activation treatment in the process of the 
invention include potassium hydroxide, potassium carbonate, potassium nitrite, potassium sulfate, potassium chloride 
and potassium permanganate. Of these, potassium hydroxide is most preferable. 

[0062] The alkali metal compound is used in an amount of 0.5 to 5 times, preferably 1 to 4 times, more preferably 1 .5 
55 to 3 times the weight of the infusbiiized pitch fibers or the carbon fibers. 

[0063] H the amount of the alkali metal compound is less than 0.5 tim , formation of pores cannot be mad efficiently. 
Contrariwise, even if the alkali metal compound is added in an amount of mor than 5 times, th specific surface area 
of the obtained carbon fibers is not increased so much, resulting in bad efficiency. 
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[0064] The activation treatment is carried out by heating a uniform mixture of the alkali metal compound and th infu- 
sibilized pitch fbers or the carbon fbers at a temperature of 500 to 900 °C, preferably 600 to 800 °C, in an inert gas 
such as nitrogen. 

[0065] If the activation temperature is lower than 500 °C, the reaction hardly proceeds. If the activation t mperature 

5 exceeds 900 °C, precipitation of alkali metal or corrosi n of the apparatus occasionally takes place. 

[0066] It is desired that the reaction product obtained by the activation treatment is cooled to room temperature and 
then subjected to removal of the unreacted alkali metal compound, for example, by means of washing with water. 
[0067] According to the above-described process for preparing mesophase pitch-based activated carbon fibers, mes- 
ophase pitch-based activated carbon fibers having a large BET specific surface area, specifically not less than 300 

w rrftg, preferably 500 to 2,800 rr^/g, more preferably 600 to 2,500 rrr^/g. 

[0068] The BET specific surface area of the mesophase pitch-based activated carbon fibers of the invention is pref- 
erably as large as possible, from the point of view that the surface for forming an electric double layer can be widened. 
If the BET specific surface area of the mesophase pitch-based activated carbon fibers is less than 300 n^/g, an electric 
double layer capacitor having satisfactory discharge capacity per unit weight may not be obtained. The upper limit of 

is the BET specific surface area of the mesophase pitch-based activated carbon fbers according to the invention is not 
specifically limited, however, even if the BET specific surface area exceeds 2,000 rr^/g, it is likely that the capacity of 
the capacitor is not so increased and the activation needs a long period of time, occasionally resulting in decrease of 
activation yield. Therefore, the upper limit of the BET specific surface area is about 2,800 m^/g. 
[0069] In this connection, pores of on activated carbon are classified into the groups of: macropores having a pore 

20 diameter of not less than 50 nm; mesopores having a pore diameter of not less than 2 nm to less than 50 nm; micropo- 
res having a pore diameter of not less than 0.8 nm to less than 2 nm; and submicropores having a pore diameter of less 
than 0.8 nm. These pores are opened on the surface of the activated carbon fiber and elongated into the inside thereof. 
[0070] In the mesophase pitch-based activated carbon fibers of the present invention, it is preferable that specific two 
kinds of pores belonging to the range of from the mesopores to the submicropores are present at a specific volume 

25 ratio. 

[0071 ] That is, in the mesophase pitch-based activated carbon fibers of the present invention, a ratio Bv/Av, in which 
Av is a total pore volume of pores (A) having a radius of 0.4 to 1.5 nm, said pore volume Av being measured by MP 
method using nitrogen adsorption, and Bv is a total pore volume of pores (B) having a racfius of 3.5 to 6 nm, said pore 
volume Bv being measured by a mercury porosi meter, is 0.01 to 0.25, preferably 0.05 to 0.20, especially 0.10 to 0.18. 
30 [0072] In the mesophase pitch-based carbon fiber, when the Bv/Av ratio is less than 0.01 , it is likely that the charge 
capacity is not increased for its specific surface area and, when the Bv/Av ratio is not less than 0.25, it is likely that the 
charge capacity is not increased lor its specific area as well and the activation yield of the activated carbon fbers is 
decreased. 

[0073] The reason for the existence of the suitable Bv/Av ratio is considered as follows. 

35 [0074] That is, the pores (A) having a radius of 0.4-1 .5 nm greatly contribute to enlargement of an area at which an 
el ctric double layer is formed, to thereby increase the charge capacity. Therefore, it is expected that when the exist- 
ence ratio of the pores (A) (volume ratio) is increased, high charge capacity can be realized. However, since the radius 
of the pores (A) is too small to allow the electrolyte or the electrolytic solution penetrating into the inside of the pores, 
namely the inside of the activated carbon fiber by passing through the pores, the increase in the volume of only the 

40 pores (A) does not make the charge capacity increased. While, the pores (B) having a radius of 3.5 to 6 nm is elongated 
from the surface to inside of the activated carbon fiber and have a sufficient radius to allow the electrolyte or the elec- 
trolytic solution passing therethrough. Therefore, they can make the electrolyte or the electrolytic solution reach the 
pores (A) present in the inside of the activated carbon fiber. However, since the contribution of the pores (B) to enlarge- 
ment of an area at which an electric double layer formed is not so great the increase in the volume of only the pores 

45 (B) does not make the charge capacity increased to the level of expectation. 

[0075] The total volumes (Av), (Bv) of the pores (A) and (B) in the mesophase pitch-based activated carbon fiber of 
the invention are the value obtained by analyzing by MP method measurements of pores having a radius of up to 2 nm 
(namely, pores (A)) in the BET method using nitrogen adsorption and the value obtained by measuring pores having a 
radius of not less than 3.5 nm (namely, pores (B)) with a mercury porosimeter, respectively. 

so [0076] The measuring method using a mercury porosimeter is generally used in the measurements of the macropores 
having a radius of not less than 3.5 nm. Concretely the measuring method comprises the steps of: introducing mercury 
into a cell containing a sample in vacuo; applying a pressure to the sample to thereby allow the mercury injected into 
the pores; varying the pressure; and measuring the volumes of the injected mercury (pore volume) at each pressure. 
The total volume of the pores (B) can be calculated from the resultant data by using the following equation (1) which 

55 shows the relationship between the pressure and the rati us of a pore on the supposition that the pore is a cylindrical, 
and the following equation (2) which shows the relationship between a volume percentage of pores within a minute 
radius range and the total volume of all pores. 
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y = -2ctCOS0/Px10 
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d) 
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y : radius of pore (nm) 

a : surface tension of mercury (dyn/cm) 

e : contact angl of mercury to the sample (°) 

P : mercury injecting pressure (N/m 2 ) 
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(2) 



<t> : volume percentage of pores (%) 

V : total volume of all pores within all radius ranges (m1/g) 

dV : total volume of pores within a minute radius range dV (rrd/g) 
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[0077] The MP method is mainly used for the analysis of micropores and, in the method, the total volume of the pores 
(A) is calculated by t-plotting the data obtained by the BET measurement using nitrogen and analyzing the curvature 
adjacent to a bending portion. 

[0078] The electric double layer capacitor of the present invention may comprises a electrode comprising the mes- 

20 ophase pitch-based activated carbon fbers and a binder. 

[0079] The binder can be a known binder which is conventionally used for preparing an electrode using activated car- 
bon, and is, for example, polyethylene, polytetrafluoroethylene (PTFR) or polyvinylidene chloride (PVDF). 
[0080] The electrode used in the invention can be manufactured in accordance with a conventional process for man- 
ufacturing activated carbon electrodes. For example, the mesophase pitch-based activated carbon fbers and the binder 

25 are subjected to pressure roll molding to give a sheet electrode or a plate electrode. In this case, it is effective to add a 
graphite powder or acetylene black as a conductive material. 

[0081] The electrode may be combined with a foil, a plate or a mesh of a metal such as nickel, which serves as a 
current collector. 

[0082] The electrode used in the invention can be improved in the current collecting property by depositing a conduc- 
30 tive material such as aluminum on the mesophase pitch-based activated carbon fbers. It is also possible that the mes- 
ophase pitch-based activated carbon fibers deposited with the conductive material is altered into a paper-like form to 
give a paper electrode. 

[0083] The electrode manufactured as above is desired to have a density of usually 0.5 to 1 .2 cm 3 /g. preferably 0.7 
to 1 .0 cmP/g, from the viewpoint of increase of the discharge capacity per unit volume. 
35 [0084] The electric double layer capacitor according to the invention can be made by the combination use of the elec- 
trode obtained as above and an electrolytic solution. 

[0085] The electrolytic solution employable for the electric double layer capacitor of the invention is an organic solvent 
type electrolytic solution obtained by dissolving an electrolyte in an organic polar solvent or an aqueous solution type 
electrolytic solution obtained by dissolving an electrolyte in water. 
40 [0086] Examples of the aqueous solution type electrolytic solutions include aqueous solutions of Nad, NaOH, KOH, 
HQ and H2SO4. Particularly preferable is a sulfuric acid aqueous solution because it is easily obtainable and is excel- 
lent in capacity of the capacitor. 

[0087] Examples of the organic solvents for use in the organic solvent type electrolytic solution include propylene car- 
bonate, y-butyrolactone, dimethyl sulfoxide, dimethyHormamide, acetonitrile, ethylene carbonate, tetrahydrofuran and 
45 dimethoxyethane. 

[0088] These organic solvents may be used singly or may be used as mixed solvents of two or more kinds. These 
solvents have high affinity for water and generally have high solubility in water, so that they can be used after mixed with 
water in an optional mixing ratio. 

[0089] Examples of the electrolytes for use in the organic solvent type electrolytic solution include salts of cations and 
so anions. Particular examples of the cations include metallic cations, quaternary ammonium cation and carbonium cation. 
Particular examples of the anions include CI0 4 ", BF 4 ~, PF 4 ", PF 6 " and AsF 6 ". 
[0090] Preferable electrolytes are. for example, LiClO* BuN • CIO4 and TEABF 4 . 
[0091] The electrolyte is desirably used in a concentration of 0.5 to 3 M/L, preferably 1 to 2 M/L 
[0092] When the aqueous solution type electrolytic solution is used, the capacity of the resulting electric double layer 
55 capacitor can be increased to about 1 .3 to 2 times as much as that of the capacitor using the organic solvent type elec- 
trolytic solution, and the internal resistance can be decreased to about 1/5 to 1/10 as much as that of the capacitor 
using the organic solvent type electrolytic solution. 

[0093] The decrease of the internal resistance of the capacitor using the aqueous solution type electrolytic solution 
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is caused by a low internal resistance of the aqueous solution type electrolytic solution. In case of using the aqueous 
solution type electrolytic solution, however, the voltage during the charge operation can be increased to barely about 1 
V, and therefor thecharg capacity per unit volume tends to be decreased. 

[0094] On the other hand, when the organic solvent type electrolytic solution is used, th voltage of the electric double 
5 layer capacitor can b increased to at most about 3 V, and thereby the discharg capacity per unit volume of th electric 
double layer capacitor (defined by the formula 1/2C V 2 , C: capacity of capacitor, V: voltage) can be increased. Therefore, 
the organic solvent type electrolytic solution is preferable from the viewpoint of large current discharge. 
[0095] There is no specific limitation on the structure of the electric double layer capacitor of the invention or the proc- 
ess for preparing the same, as far as the above-described electrode and electrolytic solution are used for the prepara- 
10 tion. 

[0096] For example, the electric double layer capacitor of the invention can be prepared by the following process. A 
pair of electrodes, each of which is obtained by cutting the above-described electrode into the desired size and shape, 
and a conventional separator are encased in a casing in such a manner that the separator is arranged between the 
electrodes. Then, the electrolytic solution is poured into the casing, and the container is closed by caulking with a clo- 
ts sure plate and a gasket. 

[0097] Because the mesophase pitch-based activated carbon fbers according to the invention are obtained by acti- 
vating infusibilized mesophase pitch fibers as they are or after subjecting to the specific treatment they have low inter- 
nal resistance, good conductivity, high density of fiber and large specific surface area and have a suitable pore 
distribution effective for the formation of an electric double layer. 

20 [0098] The electric double layer capacitor of the invention is made by using the above mesophase pitch-based acti- 
vated carbon fibers, has large charge and cfischarge capacity per unit volume and per unit weight, and is capable of per- 
forming large current discharge. Therefore, the capacitor can be advantageously applied to not only uses for small 
current discharge, such as back-up power sources of IC memories or microcomputers of portable small-sized electronic 
equipments, but also uses for large current discharge, such as power sources of auxiliary driving gears for electric auto- 

25 mobiles and gasoline-fueled automobiles. 

EXAMPLES 

[0099] The present invention is further described with reference to the following examples, but it should be construed 
30 that the invention is in no way limited to those examples. 

[0100] In the following examples, the specific surface area is measured by a BET method and is expressed by a 
number obtained by rounding the number of units to the number of tens in consideration of accuracy of measurement. 
[0101] The discharge capacity of the electric double layer capacitors prepared in the examples was measured accord- 
ing to the following methods. 

35 

Measurement of discharge capacity 

[0102] The discharge capacity of the electric double layer capacitor was determined by a constant-current discharge 
method. That is, the capacitor was discharged at a constant current to obtain a discharge curve. This discharge curve 
40 was regarded as an almost straight line, and using the straight line, a. direct-current electrostatic capacity was calcu- 
lated from the rate of change in the capacitor voltage with time. The discharge capacity (F/g) per unit weight of the acti- 
vated carbon fbers was determined based on the total weight of the activated carbon fbers in both of the positive and 
negative electrodes. 

45 Example 1 

Preparation of mesophase pitch-based activated carbon fbers 

[0103] Optically anisotropic pitch (Metiler softening point: 285 °C, mesophase component content: 100%) obtained 
so by heat treating a cracking residue of petroleum was subjected to melt blow spinning using a nozzle having 1 ,000 spin- 
ning holes (diameter: 0.2 mm) linearly arranged in a slit having a width of 2 mm, to prepare pitch fbers. The pitch fbers 
were sucked from the back side of a stainless steel mesh belt (35-mesh) to collect the fibers on the belt, whereby a pitch 
fiber mat was obtained. 

[0104] The pitch fber mat was heated in the air at an average heating rate of 4 °CAnin from a room temperature to 
55 300 °C to perform irrfusibilization. 

[01 05] The infusbilized pitch fiber mat thus obtained was subjected to a carbonization treatm nt at 700 °C in a nitro- 
gen gas. The resulting carbon fber mat was milled by a high-speed rotary mill to obtain milled carbon fbers having a 
mean particle diameter of 25 nm. 



8 



EP0927778A1 



[0106] To the milled mesophase pitch-based carbon fbers. potassium hydroxide was added in an amount of two or 
four times th weight of th fbers, and they were uniformly mixed. The resulting mixtures were heated and activated at 
700 °C for 7 hours in a nitrogen gas to obtain three kinds of the milled activated carbon fbers 1 to 3. 
[0107] The milled activated carbon fibers 1 to 3 obtained were cooled to ordinary temperature, then introduced into 
5 isopropyl alcohol and washed with water until they were n utral. 

[0108] The activation yields, BET specific surface areas and por volume ratios (Bv/Av) of the mesophase pitch- 
based activated carbon fibers 1 to 3 were measured. The results are shown in Table 1 together with the production con- 
ditions. 

[0109] As shown in Table 1 , the activation yields of the milled activated carbon fibers 1 to 3 were as high as 88 % by 
10 weight, 77 % by weight and 74 % by weight respectively. Moreover, each of the milled activated carbon fibers 1 to 3 has 
a BET specific surface area of 1 ,020 rrfrg, 2,070 m 2 /g or 2,490 rrrVg and a ratio Bv/Av of 0.06, 0.08 or 0.22. 
[0110] SEM photograph of the mesophase pitch-based activated carbon fbers 3 is shown in Fig. 1 of the attached 
drawings. 

is Preparation of electrode sheet 

[01 1 1 ] To each of the milled activated carbon fibers 1 to 3 thus obtained, 1 0 % by weight of acetylene black as a con- 
ducting assisting agent and 7 % by weight of PTFE as a binder were added. The resulting mixtures were rolled and con- 
tact bonded to nickel meshes, respectively, to form three kinds of electrode sheets. 

20 

Preparation of electric double layer capacitor 

[0112] To examine performance of each of the electrode sheets, an electric double layer capacitor shown in Figs. 2A 
to 2C of the attached drawings was prepared As shown in Figs. 2A to 2C, the electric double layer capacitor 1 has two 

25 pressurising plates 3, 4 and a pair of electrode sheets 5, 6 arranged between the pressurizing plates 3, 4. 

[0113] The electrodes 5, 6 includes the nickel meshes 7, 8 on the pressurizing plate sides, and to the nickel meshes 
are welded ends of nickel wires 9, 10. Between the electrode sheets 5, 6,a separator (fitter paper) 1 1 is arranged. 
[0114] Each of the pressurizing plates 3, 4 has lour fixation protrusions 12, 12 • • outwardly protruded from edges 
of both sides of the plate. The electrode sheets and the separator are f ixed between the pressurizing plates by winding 

30 Tetron bands 13, 13 * • around the protrusions 12, 12 • * , and they are immersed in an electrolytic solution. 

[0115] The electrolytic solution of the electric double layer capacitor 1 was prepared by dissolving 1 M of lithium per- 
chlorate as an electrolyte in propylene carbonate. 

[0116] The electric double layer capacitor was charged at a voltage of 2.0 V through the wires 9, 10 and then dis- 
charged. As a result, excellent discharge capacities of 30 F/g, 42 F/g and 45 F/g were obtained. 

35 

Comparative Example 1 

[0117] A carbon fiber mat was obtained in the same manner as in Example 1, except that an optically isotropic pitch 
(Metiler softening point: 270°C) was used as a starting material and carbonization temperature was changed to 950 °C. 
40 [01 1 8] The resulting carbon fiber mat was activated at 900 °C in an atmosphere containing 40 % carbon dioxide with 
varying the treating period to 2, 6 or 8 hours to obtain three kinds of activated carbon fibers 4 to 6. The activation yields. 
BET specific surface areas and pore volume ratio (Bv/Av) of the activated carbon fbers 4 to 6 were measured, and are 
shewn in Table 1 together with the reaction conditions. 

[0119] As shown in Table 1, the activation yields of the activated carbon fibers 4 to 6 ranged as low as 9 to 52 % by 
45 weight, and these activated carbon fibers 4 to 6 had a BET specific surface area of 1,010 to 2,500 rrr^/g and a ratio 
Bv/Av of 0. 

[0120] After milling the activated carbon fbers 4 to 6, three kinds of electrode sheets and electric double layer capac- 
itors were prepared using the milled activated carbon fibers 4 to 6 having an average particle diameter of 25 ^m in the 
same manner as in Example 1. A discharge capacity of each of the electric double layer capacitors was measured in 
so the same manner as in Example 1. As a result, the discharge capacities ranged as low as 15 to 32 F/g. 
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Table 1 





Example 1 


Comparative Example 1 




(1) MACF 1 


MACF 2 


MACF 3 


MACF 4 


MACF 5 


MACF 6 


Pitch Material 


100% optically anisotropic pitch 


optically isotropic pitch 


Temperature (°C) 


700 


950 


Milling (2) 


after carbonization 


after activation 


Activation Method 


activation using KOH 


activation using carbon dioxide (40%) 


Amount of KOH (rela- 
tive to CF) 


2 


4 


4 




Activation Tempera- 
ture (°C) 


700 


700 


700 


950 


Activation Time (hr) 


2 


2 


4 


2 


6 


8 


Activation Yield (wt%) 


88 


77 


74 


52 


24 


19 


Specific Surface Area 
(m2/g) 


1,020 


2,070 


2,490 


1,010 


2,050 


2,500 


Pore volume Av (3) 
(m1/g) 


0.56 


0.96 


1.22 


0.35 


0.89 


1.15 


Pore Volume Bv (4) 
(ml/g) 


0.31 


0.073 


0.268 


0.00 


0.00 


0.00 


(Bv)/(Av) 


0.06 


0.08 


0.22 


0 


0 


0 


Capacity of Capacitor 
(F/g) 


30 


42 


45 


15 


24 


32 



(note) 

(1) MACF : Milled activated carbon f ibers 

(2) Milling : Highspeed rotary mill 

(3) Pore volume Av : A total pore volume of pores (A) of a radius of 0.4 to 1.5 run and calculated by the MP method from the 
results of the BET measurement using nitrogen adsorption. 

(4) Pore volume Bv : A total pore volume of pores (B) of a radius of 3.5 to 6 ran and measured with a mercury porosimeter. 



Example 2 

40 

[0121] Milled carbon fibers having an average particle diameter of 25 um were obtained in the same manner as in 
Example 1 , except that the carbonization temperature was varied to 950 °C. 

[01 22] The milled carbon fibers were mixed with potassium hydroxide in an amount of 4 times the weight of the fbers. 
The resulting mixture was heated at 800 °C for 4 hour in a nitrogen gas to perform activation, and then washed in the 
45 same manner as in Example 1 to obtain milled mesophase pitch-based activated carbon fibers 7. 

[0123] The activation yield, BET specific surface area and pore volume ratio (Bv/Av) of the milled activated carbon 
fibers 7 were measured, and are shown in Table 2 together with the reaction conditions. 

[0124] As shown in Table 2, the activation yield of the activated carbon fibers 7 was 90 % by weight, and the fibers 
had a BET specific surface area of 890 rn^/g and a ratio Bv/Av 0.03. 
so [0125] Using the milled activated carbon ftoers 7, an electrode sheet and an electric double layer capacitor were pre- 
pared in the same manner as in Example 1. A discharge capacity of the electric double layer capacitor was measured 
in the same manner as in Example 1 . As a result, the discharge capacity was 34 F/g. 

Example 3 

55 

[01 26] A milled infusibilized pitch fibers having an average particle diameter of 25 um wer obtained by milling with a 

high-speed rotary mill a infusibilized pitch ffoer mat obtained in the same manner as in Example 1 . 

[0127] The milled infusibilized pitch fibers were mixed with potassium carbonate in an amount of 4 times the weight 
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of the fbers. Hie resulting mixture was heated at 700 °C for 2 hours in a nitrogen gas to perform activation, and then 
washed in the same manner as in Example 1 to obtain milled mesophase pitch-based activated carbon fibers 8. 
[01 28] The activation yield, BET specific surface are and pore volume ratio (Bv/Av) of the milled activated carbon fb- 
ers were measured, and are shown in Table 2 together with the production conditions. 
s [0129] As shown in Table 2, th activation yield of the milled activated carbon fibers 8 was 70 % by weight, and the 
activated carbon fibers had a BET specific surface area of 2,150 rrfrg and a ratio Bv/Av of 0.16 
[0130] Using the milled activated carbon fibers 8, an electrode sheet and an electric double layer capacitor were pre- 
pared in the same manner as in Example 1 . A discharge capacity of the electric double layer capacitor was measured 
in the same manner as in Example 1 . As a result, the discharge capacity was 40 F/g. 

10 

Comparative Example 2 

[01 31 ] Mesophase pitch-based carbon fiber mat obtained in the same manner as in Example 1 was directly subjected 
to activation treatment in the same manner as in Example 1 to produce an activated carbon fiber mat. 
is [01 32] The activated carbon fbers mat was washed in the same manner as in Example 1 . The washed activated car- 
bon f ber mat was milled by a high-speed rotary mill to obtain milled activated carbon fibers 9 having an average particle 
diameter of 25 iim. 

[0133] The activation yield and BET specific area of the activated carbon f ber mat after washing, and the pore volume 
ratio (Bv/Av) of the milled activated carbon fbers 9 were measured, and are shown in Table 2 together with the produc- 
20 tion concfitions. ~ 

[0134] The activation yields and BET specific surface area of the activated carbon fiber mat were 88 % by weight and 
1 ,61 0 m 2 /g, respectively. However, in the milled activated carbon fbers 9, the pores having a radius of 3.5 to 6 nm were 
not detected and a ratio Bv/Av was 0. The result may be caused by the milling treatment conducted after the activation 
treatment. 

25 [0135] Using the activated carbon fibers 9, electrode sheets and electric double layer capacitors were prepared in the 
same manner as in Example 1 . Discharge capacities of the electric double layer capacitors were measured in the same 
manner as in Example 1 . As a result, low value of 25 F/g was obtained. 

Reference Example 1 

30 

[0136] Milled mesophase pitch-based carbon fibers having an average particle diameter of 25 nm were prepared in 
the same manner as in Example 1 , except that the carbonization temperature was varied to 600 °C. 
[01 37] The milled carbon fibers were mixed with potassium hydroxide in an amount of 4 times the weight of the fbers. 
The resulting mixture was heated at 500 °C for 1 0 hours in a nitrogen gas to perform activation, and then washed in the 

35 same manner as in Example 1 to obtain milled mesophase pitch-based activated carbon fbers 10. 

[0138] The activation yield, BET specific surface area and pore volume ratio (Bv/Av) of the milled activated carbon 
fbers 1 0 were measured, and are shown in Table 2 together with the production conditions. 
[0139] As shown in Table 2, the activation yield of the milled mesophase pitch-based activated carbon fber 10 was 
88 % by weight and the fibers had a BET specific surface area of 1 .520 rrf/g and a ratio Bv/Av of 0. 

40 [0140] Using the milled activated carbon fbers 10, an electrode sheet and an electric double layer capacitor were pre- 
pared in the same manner as in Example 1 . A discharge capacity of the electric double layer capacitor was measured 
in the same manner as in Example 1 . As a result, the discharge capacity was 21 F/g. 

Comparative Example 3 

45 

[0141] Milled mesophase pitch-based carbon fbers having an average particle diameter of 25 um were obtained in 
the same manner as in Example 1 except that the carbonization temperature was varied to 1 ,100 °C. 
[0142] The milled carbon fibers obtained were uniformly mixed with potassium hydroxide in an amount of 4 times the 
weight of the fibers. The resulting mixture was heated at 800 °C for 4 hours in a nitrogen gas to perform activation, and 

so then washed in the same manner as in Example 1 to obtain milled mesophase pitch-based activated carbon fbers 1 1 . 
[0143] The activation yield, BET specific surface area and pore volume ratio (Bv/Av) of the milled activated carbon 
fibers 1 1 were measured and are shown in Table 2 together with the production conditions. 
[0144] As shown in Table 2, the activation yield of the mesophase pitch-based activated carbon fbers 1 1 was 95 % 
by weight, and the fibers had a BET specific surface area of 360 rrfrg and a ratio Bv/Av of 0. 

55 [01 45] Using the milled activated carbon fbers 1 1 , an electrode sheet and an electric double layer capacitor were pre- 
pared in the same manner as in Example 1 . A discharge capacity of the electric double layer capacitor was measured 
in the same manner as in Example 1 . As a result, the discharge capacity was 15 F/g. 



11 



EP 0 927 778 A1 



Table 2 



5 




Ex 2 (1) MACF 7 


Ex. 3 MACF 8 


Comp. Ex.2 
MACF 9 


Ref. Ex. 1 MACF 
10 


Comp. Ex. 3 
MACF 11 




Temperature (°C) 


950 




700 


600 


1,100 




Milling (2) 


After carboniza- 
tion 


after irrfusibiliza- 
tion 


after activation 


After carboniza- 
tion 


After carboniza- 
tion 


10 


Amount of KOH 
(relative to CF) 


4 


4 


4 


4 


4 




Activation Tem- 
perature (°C) 


800 


700 


700 


500 


800 


15 


Activation Time 
(hr) 


4 


2 


2 


10 


4 




Activation Yield 
(wt%) 


90 


70 


88 


88 


95 


20 


Specific Surface 
Area (m2/g) 


890 


2,150 


1,610 


1,520 


360 




Pore Volume Av 
(3)(mi/g) 


0.39 


1.00 


0.86 


0.75 


0.15 


25 


Pore Volume Bv 
(4)(ml/g) 


0.012 


0.161 


0.00 


0.00 


0.00 




(Bv)/(Av) 


0.03 


0.16 


0 


0 


0 


30 


Capacity of 
Capacitor (F/g) 


34 


40 


25 


21 


15 



(note) 

(1) MACF : MiHed activated carbon fibers 

(2) Milling : High-speed rotary ma 

(3) Pore volume Av : A total pore volume of pores (A) of a radius of 0.4 to 1.5 nm and calculated by the MP method from the 
results of the BET measurement using nitrogen adsorption. 

(4) Pore volume Bv : A total pore volume of pores (B) of a radius of 3.5 to 6 nm and measured with a mercury porosi meter. 



Claims 

40 

1 . Mesophase pitch-based activated carbon fibers which are obtained by milling infusibilized mesophase pitch fibers 
as they are or after carbonizing at a temperature of 350 to 1 ,000 °C, to an average particle dameter of 5 to 50 ujti 
and then activating in the presence of an alkali metal compound. 

45 2. The mesophase pitch-based activated carbon fibers as claimed in claim 1, which have a ratio Bv/Av in which Av is 
a total pore volume of pores (A) having a radius of 0.4 to 1 .5 nm, said pore volume (Av) being measured by a MP 
method using nitrogen adsorption, and Bv is a total pore volume of pores (B) having a radius of 3.5 to 6 nm, said 
pore volume being measured by a mercury porosimeter, of 0.01 to 0.25. 

so 3. The mesophase pitch-based activated carbon fibers as claimed in claim 1 or 2, which are made from mesophase 
pitch in which an optically anisotropic component is 100%. 

4. An electric double layer capacitor which comprises an electrode comprising the mesophase pitch-based activated 
carbon fibers as claimed in any one of claims 1 to 3 and a binder. 

55 
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Fig.2A 
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Fig.2B 
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